Hearing loss induces plasticity in excitatory and inhibitory neurotransmitter systems in auditory brain regions. Excitatory-inhibitory balance is also influenced by a range of neuromodulatory regulatory systems, but less is known about the effects of auditory damage on these networks. In this work, we studied the effects of acoustic trauma on neuromodulatory plasticity in the auditory midbrain of CBA/J mice. Quantitative PCR was used to measure the expression of serotonergic and GABAergic receptor genes in the inferior colliculus (IC) of mice that were unmanipulated, sham controls with no hearing loss, and experimental individuals with hearing loss induced by exposure to a 116 dB, 10 kHz pure tone for 3 h. Acoustic trauma induced substantial hearing loss that was accompanied by selective upregulation of two serotonin receptor genes in the IC. The Htr1B receptor gene was upregulated tenfold following trauma relative to shams, while the Htr1A gene was upregulated threefold. In contrast, no plasticity in serotonin receptor gene expression was found in the hippocampus, a region also innervated by serotonergic projections. Analyses in the IC demonstrated that acoustic trauma also changed the coexpression of genes in relation to each other, leading to an overexpression of Htr1B compared to other genes. These data suggest that acoustic trauma induces serotonergic plasticity in the auditory system, and that this plasticity may involve comodulation of functionally-linked receptor genes.
Introduction
Damage to the auditory system by trauma, aging, or peripheral deprivation can cause a myriad of molecular and physiological changes (Argence et al., 2006; Dong et al., 2010a,b; Holt et al., 2005; Manzoor et al., 2013; Mossop et al., 2000; Rao et al., 2010; Tadros et al., 2007; Vale and Sanes, 2002) . These changes may be viewed as compensatory or even pathological, and could contribute to aberrant perceptual states such as tinnitus (Eggermont and Roberts, 2004; Knipper et al., 2013) . One set of well-documented changes important to auditory function is an alteration in the balance between excitatory and inhibitory neurotransmitter pathways (examples reviewed by Caspary et al., 2008; Salvi et al., 2000) . However, neuromodulators serve as key points of control for these excitatory-inhibitory interactions in the auditory system of normalhearing animals (Hurley and Sullivan, 2012) , and therefore neuromodulatory plasticity may also play an important role in auditory responses to damage. In this study, we specifically investigated how portions of the neuromodulatory serotonergic system in the inferior colliculus (IC) that actively modulate auditory responses in healthy individuals respond to auditory damage.
Much like excitatory-inhibitory balance in sensory brain regions, neuromodulatory systems respond to peripheral sensory damage. The density of neuromodulatory fibers, the profiles of axonal contacts, and the expression of particular receptor types are altered by damage to sensory organs (Holt et al., 2005; Kang et al., 2013; Qu et al., 2000; Rao et al., 2010; Rhoades et al., 1990; Tadros et al., 2007; Vizuete et al., 1993) . One such neuromodulatory pathway is the serotonergic system. Different serotonergic receptors regulate excitatory-inhibitory circuits in specific ways (Hurley, 2007; Hurley et al., 2008; Hurley and Sullivan, 2012) , and neuromodulatory plasticity in this system could differentially influence processing pathways following damage. However, there is a relatively poor understanding of how neuromodulatory receptors regulating particular features of excitatory and inhibitory neurotransmission respond to sensory damage, and whether such responses support adaptive models of sensory plasticity.
Multiple features of the IC provide an excellent foundation for addressing these issues. Excitatory-inhibitory convergence in the IC shapes important response properties such as frequency tuning and binaural integration in well-understood ways (for example, D 'Angelo et al., 2005; Lin and Feng, 2003; Pollak, 2012; Pollak et al. 2002; Yang et al., 1992) . Further, specific serotonin receptors regulate distinct components of excitation or inhibition (Hurley, 2006; Hurley and Sullivan, 2012; Wang et al., 2008) . For example, the 5-Ht1A receptor decreases excitatory responses and regulates spike timing. The 5-HT1B and the 5-HT2A receptors have both been reported to regulate inhibition; the 1B by disinhibiting neurons (Hurley et al., 2008) , the 2A by increasing GABAergic transmission (Wang et al., 2008) . Understanding how specific receptors are altered in expression following hearing loss can help develop functional hypotheses on how they contribute to E-I regulation following hearing loss.
Directly related to the goals of this study, both excitatory and inhibitory pathways, and the serotonergic system within the IC also show plasticity following reduction of peripheral input. After cochleotomy or exposure to high-intensity sound, both pre-and post-synaptic components of GABAergic pathways such as the expression of the GABA A a receptor are downregulated, and excitation is upregulated (Argence et al., 2006; Dong et al., 2010a,b; Mossop et al., 2000; Vale et al., 2004; Sanes, 2000, 2002) . Hearing loss with age is accompanied by a change in the serotonergic receptor system of the IC, via an upregulation of the 5-HT2B receptor gene (Tadros et al., 2007) . Bilateral cochlear ablation results in a transient downregulation of the 5-HT5B receptor gene (Holt et al., 2005) . Monaural acoustic trauma also creates a lower density of serotonergic fibers in the colliculus contralateral to the damaged ear relative to the ipsilateral colliculus (Papesh and Hurley, 2012) . Based on this evidence, we hypothesized that acoustic trauma would change the expression of serotonin receptors with identified regulatory effects on excitatory-inhibitory balance in the IC as well.
Materials and methods

Research subjects and experimental treatments
All manipulations were approved by the Bloomington Institutional Animal Care and Use Committee. Male mice of the CBA/J strain at nine weeks of age were purchased from Jackson Laboratories. Upon arrival, the mice were housed individually and held for at least two weeks prior to experiments on a 14:10 h light/dark cycle. Subjects were divided into three experimental groups: (i) unmanipulated baselines (n ¼ 6); (ii) sham procedural controls (n ¼ 7) which underwent anesthesia, electrode implantation, and auditory brainstem (ABR) recordings; and (iii) experimental subjects (n ¼ 10), which also underwent acoustic trauma (Fig. 1) .
Auditory brainstem responses
To assess acute and sustained hearing loss, ABRS were measured immediately before and after acoustic trauma or sham treatment, and 33e45 days later for most individuals. Two sham control subjects experienced longer recovery times of 53 and 57 days. Subjects were anesthetized with 100 mg/kg ketamine, 5 mg/kg xylazine, and 2 mg/kg of acepromazine. Maintenance doses of anesthesia were provided based on reflexive responses to tail and toe pinches. Three silver wire electrodes (0.010 00 bare, A-M Systems) were implanted subcutaneously, with the active electrode placed at the vertex of the skull and the reference and ground electrodes placed ventrolateral to the left and right ears, respectively. Electrodes were removed following ABR recording and administration of trauma. Subjects were euthanized and decapitated immediately following measurement of recovery ABRs. Bilateral inferior colliculi and the right hippocampal hemisphere were removed and stored individually in RNAlater for qPCR analyses (Qiagen). Hippocampal samples were not measured for the unmanipulated baseline subjects.
Neurophysiological and trauma system
Acoustic stimuli were generated and ABRs measured by the custom BATLAB software system (Dr. Donald Gans, Kent State University). ABR and trauma stimuli were presented via a Selenium Super Tweeter ST300-SLF speaker (Selenium) in a free-field binaural arrangement. Speaker output was calibrated using an ACO Pacific ultrasonic microphone system. ABR stimuli consisted of pure tones of 8, 12, 16, and 20 kHz. The trauma stimulus consisted of a 10 kHz pure tone presented at 116 dB SPL for 3 h with an on/off duty cycle of 200/50 ms. The magnitude and duration of this noise exposure produces hearing loss with a relatively low degree of variation among individuals in our hands. Sham subjects remained under anesthesia in the physiological rig for 3 h without exposure to the trauma tone. Stimuli were passed through an FT-6 antialias filter (TuckereDavis Technologies) to a PA-5 programmable attenuator (Tucker Davis Technologies), and amplified with a Samson Servo-170 Amplifier (Samson Technologies). Electrode signals were passed through a Grass P-5 series A.C. preamplifier (amplification 100,000Â, low-pass 30 Hz, high-pass 3 kHz) coupled to a Grass RPS107 power supply (Grass Technologies). ABR thresholds were measured in 5 dB intervals.
Gene expression
Targeted qPCR measures were performed in lieu of large-scale microarrays to test specific genes of interest. RNA was extracted using a combination of Qiashredder and RNeasy kits (Qiagen). RNA concentration was quantified using a Take-3 spectrophotometer (Biotek), and 0.5 mg of RNA was reverse-transcribed to cDNA using the SuperScript III protocol (Invitrogen Life Technologies). QPCR was performed with either custom Taqman Array plates or Taqman primer/probe assays (Invitrogen Life Technologies) and run on a Stratagene MX3000P qPCR platform (Agilent Technologies), with all samples replicated on independent plates. Raw fluorescence data were processed using the PCR Miner data analysis tool (Zhao and Fernald, 2005) .
The following genes were measured using pre-indexed com-
, Htr3A (Mm00442874_m1), and Gabrg1 (Mm00439047_m1). The expression of 18s rRNA (Mm03928990_g1) and Gabra1 (Mm00439046_m1) were also measured in a subset of individuals. Serotonin receptor genes were selected specifically to focus on receptors that regulate excitatory-inhibitory interactions in the inferior colliculus. The Gabrg1 gene was selected both as a proxy for inhibitory function and for comparison to previous studies using an alternate GABA A subunit on hearing loss in the IC. The effects of acoustic trauma on both Gabrg1 and Gabra1 expression was tested in a subset of individuals to determine if there was a differential effect of trauma on GABA A subunit types. Prior studies have show that the expression of GABA A a mRNA is downregulated with acoustic trauma (Dong et al., 2010a) , and protein expression is downregulated with age-related hearing loss (Caspary et al., 1999) .
Primer amplification efficiencies and measure replicability were estimated with the PCR miner tool, and gene transcript number relative to b-Actin was calculated using a slightly modified version of the Livak and Schmittgen (2001) method employed by Carleton (2011) to correct for differential efficiencies across primer/probe pairs:
where e st is the efficiency of the b-Actin primer, CTst is the critical cycle for the b-Actin standard, e ex is the primer efficiency for the experimental target, and CTex is the critical cycle for the target gene. Measures for which the coefficient of variance across replicates exceeded 10%, or detection failed in a single replicate were excluded. A systematic lack of hemispheric asymmetry in gene expression was confirmed with a series of paired-sample T-tests for all three test groups (p > 0.05), so the values from each hemisphere were averaged to obtain a single measure for the IC of each individual while avoiding pseudoreplication. Also, due to this lack of asymmetry values for 18s rRNA and Gabra1 were measured in only one hemisphere from each subject. The failure rates for individual runs were variable across genes, and resulted in the exclusion of the following number of individuals: 0 for Htr1B, 1 for Htr1A, 4 for Htr2A, 11 for Htr3A, and 7 for Gabrg1. Failure rates for genes in the hippocampal samples were much less variable, such that no individuals were excluded for the Htr1B, Htr1A, or Htr2A genes. A total of 4 individuals were excluded from the Htr3A analysis, while 5 were excluded from the Gabrg1 analysis.
Statistical analyses
Statistical analyses were chosen to profile (i) changes in mean gene expression of individual genes across experimental groups, (ii) changes in variance within groups, and (iii) the mathematical relationship of expression measures for different changes. Full model tests included the unmanipulated treatment group to assess (i) whether sham procedures altered mean gene expression, and (ii) the native variation in serotonin receptor gene expression and how interindividual variance was modified by experimental treatments. These full models are especially conducive to the latter purpose, and the Brown-Forsythe F-test was used to determine if the variances were statistically different across treatments. The Welch's ANOVA (which does not strictly assume homoscedasticity) was performed to test across-group mean differences if the F-test was significant. Further pairwise comparisons were made between the sham and trauma groups to specifically test the effect of acoustic trauma on gene expression while controlling for procedural effects of the anesthesia or ABR measurements. Changes to the means of gene expression ratios across groups were tested with ANOVAs. Finally, linear regressions were used to determine the relationship between Htr1B expression and the magnitude of hearing loss at the four frequencies measured. For this analysis, the data from the sham and trauma groups were pooled.
Results
Acoustic trauma induced severe hearing loss
There was minor variation in initial thresholds obtained prior to manipulations, particularly at 16 and 20 kHz, with most individuals having thresholds within 1 step (5 dB) of the mean. Significantly greater hearing loss was observed at all tested frequencies for traumatized subjects compared to sham controls following a minimum of four weeks of recovery, with varying magnitude across frequencies (Fig. 2) . In a pattern similar for previous observations with tonal trauma (Dong et al., 2010a,b) , hearing loss was relatively minor at 8 kHz (F ¼ 5.16, dF ¼ 1, p ¼ 0.041), and more severe at 12 kHz (F ¼ 87.73 
Trauma and sham procedures change gene expression
Analyses of the relative expression of b-Actin and 18s rRNA confirmed that there was no change in b-Actin expression relative to a second housekeeper gene due to our experimental treatments Fig. 3 ). Because of this, all further comparisons were conducted using b-Actin expression as the sole standard. Having an unmanipulated group, a sham trauma group, and an acoustic trauma group allowed us to assess both whether the sham treatment influenced gene expression relative to the unmanipulated group, and whether acoustic trauma altered gene expression relative to the sham control. In a comparison of all 3 treatment groups with the same statistical model, expression of only the Htr1B gene was significantly influenced by treatment, as shown in Fig. 4 . The sham treatment group differed significantly from both the unmanipulated group ('no trauma') and the trauma group, with a lower mean level and lower variance in expression (Welch's ANOVA,
No further significant differences in across-group means were found in the full model for the other genes tested (Htr1A,
The differences in Htr1B expression between the sham group and the unmanipulated group suggest that some feature of the procedure associated with acoustic trauma, such as the stress of ABR measurement, or the administration of anesthesia, is capable of influencing gene expression on its own.
We further compared gene expression in the sham control group and the acoustic trauma group directly. In these pairwise comparisons, gene expression remained significantly higher in the traumatized group for the Htr1B gene (F ¼ 7.4460, dF ¼ 1, p ¼ 0.0155), with the trauma group expressing tenfold higher Htr1B than shams. A significant difference in expression was also found for the Htr1A gene (F ¼ 11.27, dF ¼ 1, p ¼ 0.0043), with the trauma group expressing threefold more Htr1A than shams (Fig. 5A) . Using a similar model, no effect was found for the Htr2A (F ¼ 2.0771, Fig. 5D ), or Gabra1 genes (F ¼ 3.9487, dF ¼ 1, p ¼ 0.0782, Fig. 5E ).
Ratios of gene expression in the IC
Assessing the co-expression of genes can provide the basis for hypotheses on how a perturbation such as acoustic trauma alters multiple facets of neural circuitry in a coordinated fashion. For this reason, we compared the relationship of three specific gene pairs between the sham and acoustic trauma groups. The primary comparison of interest was the coexpression of the Gabrg1 and Htr1B genes, since these two receptor types likely function in concert to tune auditory responses (Hurley et al., 2008) . Trauma significantly increased the ratios of Htr1B:Gabrg1 from 0.992 to 9.439, (F ¼ 13.510, dF ¼ 1, p ¼ 0.0043, Fig. 6A ). Two other gene pairs involved in the regulation of excitatory-inhibitory balance were analyzed for comparison. The first of these consisted of the Htr1B and Htr1A genes, with the rationale that baseline changes in the serotonergic system could result in coordinated upregulation of serotonin receptors in general. Trauma significantly increased the ratio of Htr1B:Htr1A from 0.5476 to 2.343 (F ¼ 6.7571, dF ¼ 1, Fig. 6B ), consistent with the strong upregulation of Htr1B gene expression we observed. We further compared Htr1A with the Gabrg1 gene. The Htr1A:Gabrg1 ratio increased from 1.612 to 4.259 (F ¼ 5.262, dF ¼ 1, p ¼ 0.0447, Fig. 6C) Fig. 7 . However, this relationship is dominated by the difference between individuals with and without hearing loss. For example, no correlation was found between the magnitude of hearing loss and Htr1B expression for any of the frequencies tested within the trauma group (p > 0.05).
Hippocampal serotonin receptor expression following acoustic trauma
We measured the expression of the serotonergic genes in the hippocampus as well as in the IC. The rationale for this comparison is that the hippocampus is a non-auditory region that receives a dense projection from some of the same serotonergic nuclei as the IC (Oleskevich and Descarries, 1990) . We therefore reasoned that measuring receptor expression in the hippocampus would allow us to determine whether any changes in gene expression resulted from a generalized process downstream of the dorsal/median raphe, or represented a more localized process. For the hippocampal measurements, we compared only sham versus acoustic trauma groups. In the hippocampus, no significant differences were found for the expression of the serotonergic Htr1B (F ¼ 1.03, dF ¼ 1, Fig. 8C ), or Htr3A (F ¼ 3.06, dF ¼ 1, p ¼ 0.11, Fig. 8D ) genes between sham and trauma individuals. In addition, there was no significant effect of acoustic trauma on the expression of Gabrg1 (F ¼ 0.31, dF ¼ 1, p ¼ 0.59).
Discussion
Acoustic trauma induces neuromodulatory plasticity in the IC
Our data showed selective upregulation among serotonin receptors in the adult auditory midbrain as a response to sensory damage. This upregulation did not occur in every region innervated by the dorsal raphe nucleus, since it was not observed in the hippocampus. The Htr1B receptor gene displayed particularly remarkable plasticity in the IC, with a tenfold upregulation in trauma subjects compared to sham controls. Also, the expression level of Htr1B in the IC is correlated with hearing loss, but only when sham and trauma subjects are pooled, i.e. there is no relationship between the magnitude of hearing loss and Htr1B expression within the trauma group (Fig. 7) . The Htr1A gene was significantly upregulated as well, with expression increasing threefold with trauma. Contrary to prior studies, there was no significant downregulation of the Gabrg1 gene due to high interindividual variance, but the direction and magnitude of a 30% downregulation was similar to that described previously (Dong et al., 2010a) . Two previous studies using gene arrays have further identified genes for the 5-HT2B receptor and the 5-HT5B receptor as increasing in the IC with age-induced hearing loss and a transient decrease following bilateral deafening by cochlear ablation, respectively (Holt et al., 2005; Tadros et al., 2007) . Although we did not examine the Htr2B or Htr5B genes in this study, these prior findings combined with our data broadly support the contention that peripheral damage causes changes in expression of serotonin receptor genes. It is worth noting that all identified effects on serotonin receptor expression following damage to the auditory system have been upregulations in various regions of the central auditory systems. This may indicate that serotonergic receptor expression is generally globally upregulated following auditory damage, and nonsignificant effects may result from relatively small transcriptional changes or changes with relatively high inter-individual variance. However, the direct comparisons among specific serotonin receptor genes using quantitative PCR in the current study shows that particular receptors show very different magnitudes of upregulation in expression. Because different serotonin receptors have distinct roles in the regulation of excitatoryinhibitory circuitry in the IC (Hurley, 2006 (Hurley, , 2007 Hurley et al., 2008; Hurley and Sullivan, 2012) , these findings suggest that selective upregulation of receptor expression should be considered part of the suite of specific changes influencing excitatoryinhibitory interactions in the auditory system following hearing loss.
Surgery, trauma, and their interaction
Our three experimental groups: the unmanipulated, sham, and noise-exposed groups, differed in crucial ways important to the interpretation of our data. The unmanipulated group did not receive anesthesia, did not undergo measurement of ABRs, and was not exposed to noise. This group was thus closest to a 'native' state for serotonin and other receptors. The noise-exposed group underwent anesthesia, ABR measurement, and exposure to noise 30 days prior to sacrifice, and anesthesia and ABR measurement immediately before sacrifice (Fig. 1) . The 'sham' group underwent all of the same treatments as the noise-exposed group, at the same time points and for the same durations, excepting the noise exposure. Therefore, the only difference between the noiseexposed group and the sham group was exposure to noise. We considered an additional control group, a group that would be exposed to noise without anesthesia, which could be compared to the unmanipulated group. We did not include this group because undergoing exposure to noise is a stressful experience, increasing corticosterone levels in mice. Trauma that induces permanent threshold shifts causes more prolonged corticosterone elevations that trauma leading to temporary threshold shifts (Meltser and Canlon, 2011; Tahera et al., 2006a,b) , and serotonin levels in the IC increase significantly even at relatively moderate intensities (Hall et al., 2010) . The central serotonergic system itself is highly sensitive to stress, which influences the expression and function of serotonin receptors, including the 5-HT1B receptor (for example: Choi et al., 2014; Furay et al., 2011; Hazra et al., 2012; Yohe et al., 2012) . For these reasons, stress induced by noise exposure without anesthesia would be a strong confounding factor, making it difficult to attribute gene expression differences between the unmanipulated group and an unanesthetized noise exposed group to noise exposure alone.
Comparing the unmanipulated group to the sham group allowed us to conclude that something about the sham procedures, whether this was administration of anesthesia or recording ABRs, altered expression of one of the serotonin receptor genes, the Htr1B gene, relative to the unmanipulated group. The expression measures for this gene showed large variance in the unmanipulated group, and the sham control treatment reduced expression to low levels in all individuals (Fig. 4) . This was true even though other receptor genes did not show these effects. Rao et al. (2010) found similarly dramatic effects of sham surgical procedures in the auditory cortex. In their study, real and sham cochleotomies had similar effects on the ability of serotonin to decrease firing rates, input resistance, and spike rate adaptation. This emphasizes that sham procedures are capable of changing the function of serotonin receptors in auditory brain regions. In the Rao et al. study, cochleotomy had further effects relative to the sham group at a later time point after cochleotomy, preventing serotonin from decreasing excitability. Thus, the sham group in this study allowed a distinction to be made between the effects of procedures associated with the cochleotomy, and of the cochleotomy itself.
In our results, analogous to those of Rao et al., the sham and noise-exposed groups also showed a difference in expression of both the Htr1A gene and the Htr1B gene, with expression of both increasing in the noise-exposed group relative to the sham group. For the Htr1B gene, this had the interesting effect of making expression levels in the unmanipulated and acoustic trauma groups statistically similar, and different from the sham group. Thus, from a descriptive standpoint, the noise exposure interacted with procedures such as anesthetic administration or ABR measurement to cancel each other out. One interpretation of this pattern is that, although sham procedures and noise exposure individually had significant effects on the expression of the Htr1B gene, the unmanipulated and noise-exposed groups do not meaningfully differ.
From a functional perspective, however, the similar mean and variation in Htr1B gene expression in the unmanipulated and noise-exposed groups are likely to lead to different outcomes for activation of this receptor in the IC, assuming that protein levels follow a similar pattern. This is because acoustic trauma is welldocumented to change the baseline state of neural circuits in the IC, and because serotonin receptors act by modulating this underlying circuitry. Multiple studies have reported increased spontaneous and evoked activity in the IC following hearing loss, due to changes in both inhibitory and excitatory pathways (Argence et al., 2006; Dong et al., 2010a,b; Mossop et al., 2000; Vale et al., 2004; Sanes, 2000, 2002) . Because the 5-HT1B receptor may suppress GABAergic transmission in the IC (Hurley et al., 2008) , one possibility is therefore that equal expression of receptors, in the presence of downregulated inhibitory pathways, could result in a diminution of the effect of the 5-HT1B receptor in noise-exposed versus unmanipulated mice. Noise exposure also changes the baseline state of the serotonergic system itself, altering the density of serotonergic inputs to the IC, with a lower fiber density contralateral to an exposed ear relative to contralateral to a protected ear (Papesh and Hurley, 2012) . 5-HT1B receptors could therefore also be activated to a different extent in unmanipulated versus noiseexposed mice. Although quantitatively similar, the values for Htr1B gene expression in the unmanipulated and noise-exposed groups are therefore likely to represent different functional outcomes for this receptor. Whether the expression levels for the 5-HT1B receptor in the unmanipulated versus noise exposed groups represent meaningful functional differences, or a truly equivalent functional state because of additive regulation with sham procedures, are two testable competing hypotheses for future studies.
Overall, it is the comparison of the unmanipulated, sham trauma, and noise-exposed groups that reveals an important and biologically relevant feature of this system: that it is sensitive to multiple types of manipulations, including non-auditory ones. This highlights the role of the serotonergic system in auditory regulation; to integrate multiple types of auditory and nonauditory information that are salient to behavior, and to translate this information into changes in auditory processing through serotonin receptors expressed in the IC. Our results suggest that a key regulatory point in this process is at the level of serotonin receptor expression, and in particular the expression of 5-HT1B receptors.
Correlations of gene expression
Although the Htr1B gene was highly sensitive to our experimental and control manipulations, it showed a consistent pattern with Gabrg1 gene expression; the individuals with the highest expression levels of Htr1B within each group also expressed the most Gabrg1. In sham controls, there was a roughly 1:1 ratio of Htr1B:Gabrg1. Following trauma, this increased to a 10:1 ratio (Fig. 6) . Therefore, we propose that changes in the relative expression of these receptor genes may be an important feature of trauma-induced plasticity in the IC. This would also be consistent with current functional models of the role of 5-HT1B receptor activity in regulating GABAergic activity in the IC (Hurley et al., 2008) .
Implications for the regional localization of plasticity
One of the interesting questions surrounding trauma-induced serotonergic plasticity is the degree to which plasticity is manifest in specific brain regions. To address this question, we profiled gene expression in the hippocampus along with the IC. Even though the serotonergic network in the hippocampus shows plasticity in response to factors such as environmental enrichment (Rasmuson et al., 1998) , we found no hippocampal plasticity following acoustic trauma. Rather, the observed plasticity was confined to the IC. This highlights the potential for a diffuse neuromodulatory system to regulate sensory processing without direct impacts on other brain functions.
Potential functional effects of transcriptional changes
The 5-HT1A and 5-Ht1B receptors encoded by the two genes upregulated by acoustic trauma have differing roles in regulating the excitatory-inhibitory circuitry of the IC. Activation of the 5-HT1A receptor reduces responses to auditory stimuli, consistent with the function of this somatodendritic receptor in other brain regions (Hannon and Hoyer, 2008; Hurley, 2007) . In contrast, the 5-HT1B receptor enhances responses to auditory stimuli in the IC, and is generally localized to presynaptic axons and terminals of the neurons that express it, where it acts to dampen transmitter release (Sari, 2004) . These features suggest a disinhibitory role for the 5-HT1B receptor in the IC (Hurley et al., 2008) . Because of these differing roles, the upregulation of these two genes in the IC have interesting functional implications, if one assumes that the changes in expression are reflected in increased levels of functional receptor protein in neuronal membranes. One possible model of activity is that the upregulation of both receptors in concert counteracts the increased excitability of IC neurons that has been observed by multiple authors following induced hearing loss (Dong et al., 2010b; Manzoor et al., 2013; Mulders and Robertson, 2011) . In this scenario, increased levels of the 5-HT1A receptor in the trauma group would have a larger suppressive effect than in the control, balancing trauma-evoked hyperexcitability. If the 5-HT1B receptor is expressed by IC neurons projecting to the medial geniculate body, increased levels of this receptor would also gate the output of the IC to a greater extent in mice subject to acoustic trauma than in controls. Together, increased expression of these two receptors could therefore potentially compensate for trauma-induced increases in excitabilty prior to MGB.
A variation on this scenario would occur if the 5-HT1B receptor expression we measured occurred in intrinsic axon collaterals. In this event, increased expression of the 5-HT1B receptor in animals exposed to acoustic trauma could reduce the activity of axon collaterals within the IC. The fact that an agonist of the 5-HT1B receptor disinhibits neurons in the IC, suggests that 5-HT1B receptors would be localized on GABAergic synaptic terminals. Since increased expression of the 5-HT1A and 5-HT1B receptors would result in greater suppression and disinhibition, respectively, this model would result in an antagonistic pushepull interaction between the upregulated serotonin receptor subtypes. Both of these functional hypotheses could be tested using electrophysiological approaches.
Serotonin receptor plasticity following auditory trauma may serve a function other than the explicit auditory processing roles outlined above, in that it facilitates experience-dependent plasticity in some sensory processing regions. In visual cortex, serotonin modulates the reorganization of ocular dominance columns following monocular deprivation (Kojic et al., 1997) . In particular, serotonergic activity modifies the activity of inhibitory networks, contributing to reorganization of ocular dominance columns (Baroncelli et al., 2010) . This process involves epigenetic effects that modulate gene transcription via histone modification (Vetencourt et al., 2011) . Interestingly, these epigenetic effects are directly influenced by the activity of the 5-HT1A receptor type. Given that serotonin facilitates tuning plasticity within the auditory cortex in associative learning paradigms (Suga et al., 2002) , it is possible that increased serotonin receptor expression following acoustic trauma could promote input-dependent plasticity.
Conclusions
The serotonergic system in the inferior colliculus responds to auditory damage with selective plasticity in receptor expression. Plasticity is most pronounced for the Htr1B gene, which plays an important role in regulating the activity of GABAergic inhibition. This suggests that serotonergic plasticity following auditory damage may be an important mechanism regulating shifts in excitatory-inhibitory function.
